Abstract: Liquid chromatography of polymers is traditionally a slow technique with analysis times of typically 30 min per sample. For the application of liquid chromatographic techniques in combinatorial materials research the analysis time per sample must be reduced considerably. For fast high performance liquid chromatography (HPLC) small columns and new stationary phases with improved separation efficiencies can be used. HPLC separations of poly(ethylene oxide)s with different end groups can be conducted in less than 4 min. Accordingly, with new column technology and optimized separation methods time savings of more than 90% can be achieved as compared to conventional technology.
Introduction
Combinatorial methods are highly efficient tools to create large composition libraries of materials, e.g., continuous composition variations. These compositions are tested systematically in parallel for specific properties of interest, in contrast to the timeconsuming one-composition-at-a-time approach. Combinatorial methods are quite advanced in the pharmaceutical industries, but less developed in materials research. However, in recent years combinatorial methods have captured the attention of the materials industry with the promise of providing new discoveries 'faster, better, and cheaper' [1] [2] [3] .
The preparation of large numbers of target compounds is only the first step in a combinatorial set-up. As important as the fast synthesis is the fast and highthroughput analysis of the prepared sample sets. This, however, is much more complicated for polymers as compared to drug molecules or other low-molar-mass species. Synthetic polymers are highly complex materials that very frequently exhibit both a chemical or functional heterogeneity and a molar mass distribution that have to be determined quantitatively [4] .
Liquid chromatographic techniques are best suited for the analysis of the different polymer distributions. Size exclusion chromatography (SEC) is the established method for the analysis and separation according to the molar mass distributions, while interaction chromatography (e.g., HPLC or LC-CC) is used to analyse the chemical heterogeneity or the functionality type distribution [4] . It has been shown recently that SEC experiments can be conducted in less than 3 min [5] [6] [7] . A similar high throughput is required for the analysis of polymers with regard to chemical composition by HPLC [8] .
One of the most important classes of functional homopolymers is the class of alkyland aryloxy-terminated poly(ethylene oxide)s (PEO). These oligomers and polymers that have a hydrophilic PEO polymer chain and a hydrophobic fatty alcohol or aryl end group are industrially used as amphiphilic surfactants. They are prepared by anionic polymerization of ethylene oxide in the presence of mixtures of fatty alcohols having different chain lengths. Therefore, macromolecules with different end groups are formed. To analyse the structure-property correlations of these species, it is important to determine the end group distribution.
The separation of PEO according to its end groups is possible in liquid chromatography by operating at the critical point of adsorption (LC-CC). The separation is typically done on a RP-18 stationary phase and a mobile phase of methanol-water or acetonitrile-water. Under these conditions the separation is independent of molecular weight and occurs only according to the end groups. An excellent separation of the different functionality fractions can be achieved on RP-18 columns. Using a column size of 250 mm x 4.6 mm I.D. and a flow rate of 1 mL/min, analysis time is typically around 30 -40 min per sample [4, 9, [10] [11] [12] [13] .
The present article discusses experimental approaches to speed up the functionality type separation of functional PEOs. It demonstrates that with new column technology and proper method development, the time requirements for such analyses can be decreased to less than 4 min per sample.
Tab. 1. Poly(ethylene oxide)s with different end groups and degrees of polymerization (n), HO-(EO) n -X 
Results and discussion
For optimization of the chromatographic separation of poly(ethylene oxide)s different stationary phases are tested. The separation efficiency of the different stationary phases is assessed by determining (1) the number of theoretical plates, (2) column efficiency, and (3) column resolution. For the assessment of the chromatographic performance of the stationary phases a set of poly(ethylene oxide)s with different end groups and different degrees of polymerization is used, see Tab. 1. These poly-(ethylene oxide)s were mixed to give a sample of complex composition.
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Column efficiency is usually evaluated by the number of theoretical plates, N, per meter column length. N (in m -1 ) is calculated according to the half-width method using Eq. (1), where σ is the variant that is equivalent to the half width, w 1/2 , of the chromatographic peak. L is the column length in cm and V p is the elution volume at peak maximum.
The height of a theoretical plate, H, can be calculated from the experimentally determined number of theoretical plates (N) because H = 1/N. The smaller is H, the better is the efficiency of the column. H depends on the Eddy diffusion (A), the longitudinal diffusion (B) and the resistance to mass transfer (C). The parameters A, B, and C are summarized in the van Deemter equation that relates the linear flow rate u x to H, see . In this case a mixture of polymer standards is injected and analyzed.
V 2 and V 1 , σ 1 and σ 2 , M 1 and M 2 are the elution volumes, the variants and the molar masses of the two peaks, respectively. D is the slope of the calibration curve.
For a reference experiment, samples 1 -6 were mixed and separated using conventional column technology. In agreement with previously obtained results, an octadecyl-modified silica RP-18 was used as the stationary phase [7] . In order to separate the complex sample solely with regard to the end groups a mobile phase was used that corresponds to the critical point of adsorption of poly(ethylene oxide), namely MeOH-water 88:12 vol.-%. Under these conditions a baseline separation of all components was obtained, see Fig. 2 . The time requirement for this separation, however, was about 140 min.
To assess the chromatographic performance of different columns, two parameters were determined. For the determination of the number of theoretical plates (N) the C 10 -peak was selected. The resolution R s was calculated from the C 12 and nonylphenyl peaks. For the column given in Fig. 2 , the number of theoretical plates was 14 400 m -1 while the resolution was 7.74. The high numbers for both N and R s indicate a very good performance of the column. However, the separation time of 140 min at a flow rate of 1 mL/min was extremely high. By applying the gradient it was possible to reduce the analysis time from 140 min to just less than 50 min. For the column given in Fig. 3 , the number of theoretical plates was 12 620 m -1 while the resolution was 7.53. As compared to the isocratic separation in Fig. 2 , the same column performance was obtained while the analysis time was reduced. Fast HPLC for high-throughput screening, however, requires the same column efficiency but with significantly shorter analysis times. This can be achieved by using stationary phases with smaller particle sizes. Smaller particle sizes result in larger total surface areas and, thereby, increase the amount of interaction sites. Hereby, the efficiency of the stationary phase is increased. With increased column efficiency, the size of the column can be decreased. Decreasing the column size means decreasing the column back pressure. With a reduced column back pressure the flow rate can be increased, thus decreasing the separation time.
To find out what the best suited column in terms of good column performance and minimum analysis time is, column screening tests were conducted with a range of columns from different producers. Tab. 2 gives an overview of the columns tested with the PEO reference mixture given in Tab. 1. XTerra ® from Waters is a new organic/inorganic chromatographic base material and has the advantages of both silica and polymer packing materials -mechanical strength, high efficiency, the ability to separate a wide range of compounds, high chemical and temperature stability with little to no peak tailing. Luna ® from Phenomenex consists of ultra-pure metal-free silica particles that are extremely smooth and spherical and this provides a uniform bonding surface and even bonded phase coverage. Chromolith™ by Merck is a monolithic silica rod with macro-and meso-pores that allow high flow rates and low back pressures. It is possible to reduce the analysis time and simultaneously increase the column efficiency by reducing the particle size of the stationary phase, as mentioned above. Luna C 18 and XTerra C 18 have average particle sizes of 3 µm and 2.5 µm, respectively, and the column length has been reduced to 30 mm.
Tab. 2. Stationary phases used for column screening

Stationary phase
Producer Column dimensions (mm length x mm I.D.)
Nucleosil C 18 Macherey-Nagel 250 x 4.6 Chromolith C 18 Merck 100 x 4.6 Chromolith C 18 Merck 50 x 4.6 Chromolith C 8 Merck 100 x 4.6 Luna C 18 Phenomenex 30 x 4.6 XTerra C 18 Waters 30 x 4.6
Separation by isocratic elution
Column screening was conducted using isocratic elution at conditions corresponding to the LC-CC conditions for PEO. Since the surface properties of the stationary phases are different, the critical point of adsorption must be adjusted for each column. This was done my measuring the elution volumes of a low-and a highmolar-mass PEO and changing the composition of the mobile phase until equal elution volumes were obtained for both samples.
At the correct mobile-phase composition, the reference mixture of PEOs was separated and the column performance parameters N and R s were determined, see Fig. 4 and Tab. 3 for the Luna C 18 material. At the same time the effect of different flow rates on the column performance was investigated. The Luna column shows excellent column performance as can be seen from the number of theoretical plates, which is significantly higher for this stationary phase as compared to the Nucleosil C 18 material in Fig. 2 . Due to the short column length, which is only 12% of the column in Fig. 2 , the resolution decreases by about 50%. Despite the fact that the column length is only 30 mm, all sample components are well separated from each other. In addition, an increase of the low rate from 1 to 3 mL/min does not change the column performance and, therefore, the analysis time for the reference mixture can be decreased to about 20 min.
Very similar to the performance of the Luna material is the performance of the Xterra stationary phase, see Fig. 5 and Tab. 4. Different from the Luna material, the XTerra column shows a significant decrease in chromatographic performance upon increasing the flow rate. At a flow rate of 3 mL/min N and R s are only about 60% of the values at 1 mL/min. On the other hand, the separation of the samples components is still very good, and one analysis can be accomplished within 9 min, which is a significant decrease as compared to the Luna column. From these data it is clear that one needs to define additional parameters besides that of separation efficiency for the assessment of fast separations. One major drawback of stationary phases with small particle sizes is the fact that the column back pressure increases dramatically with increasing flow rate. At a flow rate of 3 mL/min the column back pressure for the Luna and XTerra columns is 220 and 240 bar, respectively. Therefore, a further increase in the flow rate is not possible without damaging the stationary phase. The chromatographic performance of the Chromolith C 18 material is reviewed in the following section. Fig. 6 shows the isocratic separation of the PEO mixture at flow rates of 1 mL/min and 8 mL/min for a column with a length of 100 mm. As can be seen, c. 75 min is needed for the separation of the PEO mixture with a flow rate of 1 mL/min. The column efficiency is very good as all peaks are baselineseparated. By increasing the flow rate to 8 mL/min it is possible to reduce the analysis time to just over 9 min. Under these conditions the separation capability is still sufficient to quantify all the components with the necessary precision. The correlation between flow rate and column efficiency is shown in Tab. 6. Both the number of theoretical plates and the resolution decrease, as expected, when the flow rate is increased. There is a loss of almost 50% in column efficiency as the flow is increased from 1 mL/min to 8 mL/min. However, this still gives a sufficient separation of the different functionality fractions, as is proven in Fig. 6 . 7 shows the van Deemter plot for the Chromolith C 18 , 100 mm column. It shows that the best column performance is at a flow rate of 2 mL/min. At higher flow rates the column efficiency decreases but it still is in an acceptable range for the present separation. In addition to increasing the flow rate, the column length can be reduced to achieve shorter analysis times. However, one has to keep in mind that the column performance will also be reduced. The separation of the PEO mixture at different flow rates for Chromolith C 18 with a column length of 50 mm is shown in Fig. 8 . At a flow rate of 1 mL/min separation efficiency is lower for the shorter column, compare Figs. 6 and 8. At high flow rates the resolution is more or less the same for both columns. It is interesting to compare the Chromolith C 18 columns with column lengths of 100 and 50 mm. By specification, both contain the same stationary phase. The theoretical plate number for the 50 mm column, however, is much higher than that of the 100 mm column. On the other hand, the resolution is much lower, as can be seen in 9
Tabs. 6 and 7. Obviously, this is due to the fact that both columns have been produced using different procedures. The van Deemter plot shows that both columns have the same slope (Figs. 7 and 9 ). A significant reduction in analysis time can only be achieved when compromising the separation efficiency. In general, it is not possible to achieve maximum separation efficiency and minimum analysis time at the same conditions. Therefore, it is useful to assess the separation procedure by separating a reference sample. As is shown by the isocratic separations on both monolithic columns, virtually the same separation is obtained on the 100 mm column at a flow rate of 8 mL/min and on the 50 mm column at a flow rate of 7 mL/min. The analysis times are 10 min and 6.5 min, respectively.
A further method to change the column performance is to modify the hydrophobic or hydrophilic properties of the stationary phase. The chromatographically active surface of a RP-18 phase has C 18 -alkyl groups bound to the silica. These are very hydrophobic and interact strongly with non-polar molecules or groups like the fatty alcohol end groups of the PEOs. The strong hydrophobic interactions lead to relatively long elution times for the molecules with C 16 /C 18 end groups. The hydrophobicity can be changed when C 8 -alkyl groups are used instead of C 18 -alkyl groups. The analysis time should decrease due to weaker hydrophobic interactions with the stationary phase. 10 Fig. 10 shows indeed that the analysis time can be reduced by changing the hydrophobicity. As compared to the Chromolith C 18 where the analysis time was 10 min, on the Chromolith C 8 an analysis time of only 4 min was achieved. Tab. 8 shows that the column has a higher number of theoretical plates but the resolution is much lower than that of the Chromolith C 18 column. The loss in separation efficiency with increasing flow rate is much more pronounced than that of the C 18 material. The van Deemter plot in Fig. 11 shows that the optimum flow rate for the column is about 1 -2 mL/min. The slope increases steeply with an increase in flow rate and it can be seen that the resolution decreases with increasing flow rate.
Separation by gradient elution
One very efficient way to reduce analysis time while maintaining resolution is gradient elution. In a solvent gradient the eluent strength is varied as a function of time from a weak (in the present case water) to a strong eluent (in the present case MeOH), thus varying the interaction strength of the solute and the stationary phase. The retention time depends on the solvents used and on gradient shape. To optimize the separation with respect to run time a combination of isocratic and gradient steps is used in the present case. Initially the separation is performed under critical conditions for PEO. At these conditions a perfect separation of the PEOs with shorter alkyl end groups is obtained. The oligomers with longer alkyl groups are strongly retained. To decrease the analysis time for these oligomers, a gradient is used were the solvent strength is increased linearly. Fig. 12 shows the slope of the gradient for flow rates of 1 mL/min and 8 mL/min and the corresponding separations on the Chromolith C 18 with a column length of 100 mm. As has been demonstrated, it is possible to reduce the analysis time considerably by applying the gradient method but one has to keep in mind that the column needs to be re-equilibrated after each run (10 min at 1 mL/min). This will increase the analysis time to 25 min for a flow rate of 1 mL/min. At a flow rate of 8 mL/min the re-equilibration time is 1.5 min. Accordingly, the total analysis time in this case is 4 min. In forthcoming experiments, multiple re-equilibrations of the column shall be conducted to evaluate the stability of the stationary phase.
The experiments show that is possible to decrease the analysis time on the monolithic column compared to a particle-containing column by 50% (compare Figs. 2 and  6 ). A decrease of the analysis time by a factor of 8 can be achieved by increasing the flow rate to 8 mL/min. A total decrease in analysis time by a factor of 35 is possible by using a gradient (compare Figs. 2 and 12 ). This results in a total analysis time of only 4 min including the re-equilibration of the column.
Conclusion
The chromatographic columns under investigation exhibit a large variety with regard to column efficiency and analysis time. Very different chromatographic behaviour has been observed although most of the stationary phases are C 18 -modified silica gels. This can be seen clearly in Fig. 13 where analysis times and resolutions are compared for all columns. The column with the best resolution is the Nucleosil C 18 but it also gives the longest analysis time. The column with the second best resolution is the 100 mm Chromolith C 18 but it shows a significant decrease in resolution when the flow rate is increased. This column also gives a relatively long analysis time. The 50 mm Chromolith C 18 , Luna and XTerra columns exhibit similar resolutions at flow rates of 1 -2 mL/min. The resolution for the 50 mm Chromolith C 18 column decreases significantly only when the flow rate is increased to 5 mL/min and above. The 50 mm Chromolith C 8 shows a lower resolution than the other columns but it is relatively constant upon flow rate increase. This column gives the shortest analysis time of all tested columns.
The overall column performance is characterized best by the ratio of resolution to analysis time. Taking this parameter, the Nucleosil column exhibits the worst results while the Chromolith C 8 column shows the best performance, see Fig. 14.
